While it is commonplace for biologists to use the response to environmental manipulation as a guide to evolutionary responses to selection, the relationship between phenotypic plasticity and genetic change is not generally well-established. The life-histories of laboratory Drososphilu populations are among the few experimental systems which simultaneously afford information on phenotypic plasticity and evolutionary trajectories. We employed a combination of two replicated selectively differentiated stocks (postponed aging stocks and their controls; 10 populations in total) and two different environmental manipulations (nutrition and mating) to explore the empirical relationship between phenotypic plasticity and evolutionary trajectories. While there are a number of parallels between the results obtained using these two approaches, there are important differences. In particular, as the detail of the biological characterization of either type of response increases, so their disparities multiply. Nonetheless, the combination of environmental manipulation with evolutionary divergence provides valuable information about the biological connections between life-history, caloric reserves, and reproductive physiology in Drososphilu.
Introduction
The existence and 'nature of trade-offs among life-history traits has been the subject of considerable theoretical and empirical study since Williams (1957 Williams ( , 1966a clearly articulated the idea that reproduction may be costly to organisms. These costs, whether affecting longevity or future reproduction, are now widely thought to constrain the evolution of life-history traits (Reznick, 1985; Partridge and Harvey, 1985; Bell and Koufopanou, 1986; Lessels, 1991; Parker and Maynard Smith, 1990; Smith, 1991; Stearns, 1992; Roff, 1992) .
But the apparent simplicity of this idea has not precluded a long-standing debate as to the kinds of trade-offs that should be measured if we are to understand life-history evolution. There are two main camps in this dispute. On the one hand are those who advocate the use of "phenotypic" or environmental manipulations to reveal trade-offs (e.g., Bell and Koufopanou, 1986; Partridge and Harvey, 1988; Lessels, 1991; Partridge, 1992) . These workers point out that genetic correlations among life-history traits are sensitive to the effects of environment and population structure, and are difficult to determine for most organisms. According to this viewpoint, the best guide to the evolutionary options available to a population is the phenotypic covariance among traits. On the other hand are those who suggest that only those trade-offs which manifest themselves as negative genetic correlations among life-history traits should be considered of evolutionary importance (e.g., Charlesworth, 1990; Reznick, 1992; Rose, 1991) . These authors favor quantitative genetic experiments and the observation of correlated selection responses. The second group has argued that the phenotypic plasticity revealed by single-generation manipulations need not indicate the effects of alleles within populations; hence, patterns of plasticity may, or may not, represent the genetic variance and covariante shaping the response to selection.
Analogously, considerable debate has focused on the question of whether or not phenotypic variances and covariances are adequate substitutes for genetic variances and covariances in evolutionary models. Using a large data set, Cheverud (1988) suggested that phenotypic correlations may be substituted "in many situations" for genetic correlations when the latter are not available, providing the variances are appropriately scaled. Willis et al. (1991) protested against Cheverud's proposition, pointing out that Cheverud's data were strongly biased towards laboratory studies, where V',, is likely to be smaller than in the field, and towards morphological characters, which .may behave differently than fitness characters. These, among other factors, may make phenotypic correlations unrepresentative of natural populations. But if the contribution of the additive genetic variance to the total phenotypic variance is small due to environmental variation, then the estimation of genetic parameters will be complicated. In particular, extreme environments (exper-imentally imposed or not) will damp the expression of genetic variation in the phenotypic correlation. The kernel of this debate, however, truly hinges on the fact that phenotypic parameters are easier to quantify and can be more accurately measured, particularly for those working on species for which quantitative genetic measures are difficult to obtain. The question remains: can one predict the evolution of quantitative characters without genetics?
One way to directly address the efficacy of using phenotypically measured costs to estimate genetic costs is to use populations for which both phenotypic and genetic results are obtainable. Replicated, laboratory-evolved stocks of Drososphilu are ideal experimental material for this purpose, having both known selection histories and defined environmental conditions which can be quantitatively varied within a physiologically relevant range. This was the strategy of Luckinbill et al. (1988) and Service (1989) in response to a challenge from Partridge and Andrews (1985) . Based on survivorship data from mate-restriction experiments, Partridge and Andrews suggested that the decline of early-life fecundity in populations selected for postponed senescence might be due to the removal of the direct physiological costs of exposure to mates (i.e., behaviourally mediated) rather than antagonistic pleiotropy of the sort suggested by the original experiments (Rose and Charlesworth, 1981a, b; Rose, 1984; Luckinbill et al., 1984) . Luckinbill et al. (1988) and Service (1989) confirmed that mate restriction increases Drososphilu survivorship, but both failed to find statistically significant interactions between selection and mating treatments. Partridge and Fowler (1992) also failed to find significant interaction between mating-status and longevity in virgin experiments. In other words, the increases in longevity of individuals kept as virgins (relative to mated controls) were parallel in the long-and short-lived lines, indicating that the deleterious effects of exposure to mates alone could not explain the response to selection of longevity.
We have also investigated the relationship between physiological and genetic manipulations.
In a previous paper (Chippindale et al., 1993) , we compared the results of laboratory selection for postponed senescence in D. mrlunoguster with environmental manipulations of diet that modify lifespan, female fecundity, and environmental stress resistance. We found that altering the availability of dietary yeast against a constant carbohydrate-rich medium caused phenotypic changes in life-history which mimicked, to a considerable extent, the evolutionary changes revealed by selection. In particular, adult flies maintained on low levels of dietary yeast had much reduced fecundities, but also increased longevities, relative to flies kept at high yeast levels, a result found earlier by several workers (Alpatov, 1932; Partridge et al., 1987; Trevitt et al., 1988) . We also found that, just as longevity increased with decreased yeast ration, so too did starvation resistance (Chippindale et al., 1993) . Since longevity and starvation resistance are known to be positively genetically correlated in these populations (Service et al., 1985; Rose et al., 1992) it seemed plausible that this environmental response was representative of the physiological pathways governing the correlated response of these characters under selection.
However, though the qualitative pattern of change was found to be consistent between the two methodologies, the quantitative results were not. For one thing, where the long-lived stocks initially showed a decline in early, but not late, fecundity, maintenance of females at low yeast levels causes an immediate decline in fecundity at all ages (Chippindale et al., 1993) . Like the studies of mate-restriction (e.g., Service, 1989) the differences between the long-and short-lived selection treatments were not diminished by food restriction.
We also found that the responses of these characters to environment were highly asymmetrical, in that the decline in fecundity under low food conditions was much more severe than the increases in the survival characters. We have since shown that phenotypic correlations among some of these same characters may be substantially modified by selection (Leroi et al. 1994b, c) . The problem is that, if the genetic relationships among traits subject to environmental manipulation can change in the course of evolution, even in the short term, how can such manipulative experiments predict the response to selection?
Though the evidence points strongly towards the need to study evolution by doing selection experiments, the prevalence of physiological manipulation experiments in research on life-history evolution leads us to the conclusion that further comparison is useful. We may find that some kinds of phenotypic manipulations are good predictors of evolutionary responses, or that, once again, the claims of proponents of manipulative experiments are refuted. In this paper, we extend our investigation of the relationship between evolutionary responses and physiological manipulations. We examined the consequences for life-history and morphological traits of mating status, and we compared these to dietary manipulation responses. Since virgin D. nlclu~oguste~ females have decreased fecundity, as well as an increased longevity and starvation resistance relative to mated ones (Partridge and Farqudr, 198 1; Luckinbill et al., 1988; Service, 1989) , these results suggest that females deprived of mates and females deprived of dietary yeast respond in much the same way. There may be a generalized response to egg-laying substrate and to mate availability. Such generalized responses might then reveal central physiological controls linking reproduction and survival . . . controls which might be of general evolutionary importance. Furthermore, we investigated the effects of diet upon male mating success. We previously showed that male longevity and starvation resistance are greater at low yeast levels than high (Chippindale et al., 1993) . But these effects are far less dramatic in males than in females, and may thus have different features under selection and manipulation.
Materials and methods

Popduiions employed
The ten populations employed in this study were derived from a large, laboratory adapted population, called IV, in 1980 (Rose, 1984 . Five of these populations, designated B, have been maintained on a generation time of two weeks; the other five, called 0, have been maintained on a generation time of ten weeks since 198 1. As a consequence of selection for late-life fertility, the O's evolved postponed senescence relative to the B's (Rose, 1984) . These experiments reported herein were performed between 1990 and 1993. The experiments described below were not necessarily executed in the order of their numbering.
We synchronized selection treatments and eliminated non-genetic (parental and grandparental) effects by experimentally assaying all populations after two generations of parallel rearing in a common environment. Because size may influence a variety of fitness components, experimental flies were raised at 2.5 "C with carefully controlled densities of 60-80 larvae per vial. Adult age was standardized by discarding very early eclosing flies and then collecting adults at 6 hour intervals over the course of the subsequent 24 hours. Virginity (in appropriate experimental treatments) was ensured by isolating sexes from each other upon collection of the young adults, and further confirmed by searching for evidence of fertile eggs (i.e., larvae) in conditioning vials after two days. Adults were dietarily conditioned for four days in one of three ways: (1) Plain banana/molasses medium (Rose, 1984) (2) banana food plus "low" yeast, a supplement of highly dilute yeast suspension equaling 0.195 mg of yeast/vial, or (3) banana food plus the "high" yeast, equaling 3.125 mg of yeast/vial (Chippindale et al., 1993) . All conditioning treatments initially featured 8 flies; 4 pairs in the case of mated treatments. Yeasted vials were dried overnight after inoculation, so that yeast stickiness would not differentially affect the performance of the flies. The flies were transferred to fresh medium on day 2 of conditioning. Both the plain and low food treatments are known to result in low female fecundities and high starvation resistance values, relative to the high treatment.
The specific assay procedures were as follows: For the fecundity assay, females were placed individually into vials containing sucrose-agar medium darkened with charcoal (Rose, 1984) which facilitates egg-counting. The female was permitted to lay eggs for 24 hours ( f 10 minutes), and the vial containing the eggs was then refrigerated for counting.
For the starvation resistance assay, flies were handled in the standard fashion (Service et al., 198.5) , and all procedures noted above were employed before the females were separated and placed into the stress assay vials. The adults were sealed into the closed end of the vial with clipped foam plug. Moistened cotton balls were added to humidify the vial. Checks on mortality were made every six hours. 40 females/population/conditioning treatment were assayed for starvation resistance. Flies were considered dead when they failed to respond to a jarring tap on two successive checks.
For measurement of ovary weight, the females were frozen at -4 "C for later dissection. The ovaries were then separated from the bodies by careful dissection under water in a well slide. Both ovaries and bodies were dried at 40 "C for 48 hours prior to weighing on a Cahn electrobalance.
For any one of the assayed characters we compared the effects of mating-and dietary-manipulations in several ways, first, and most simply, we asked whether the direct affects of these environmental manipulations upon that character are similar. Second, we asked whether there is any evidence for interaction among the environmental manipulations. Finally, we asked whether there is any evidence that the phenotypic response to these manipulations evolved independently. Possibly, the two selection treatments differed in their response to dietary manipulation, but not to mating status. This would be evidence that the phenotypic responses are not tightly genetically correlated, and hence probably differ in their physiological basis. We consider each of these levels of analysis for each character, in turn.
E.xperinzent 1: Ejjkt of dietury und muting manipulutions upon sturvution wsistuncr Like longevity and fecundity, resistance to starvation is easily modified by dietary manipulation in D. nzehnoguster (Zwaan et al., 1991; Chippindale et al., 1993; Leroi et al., 1994a, b, c) . In the first starvation experiment, we investigated: (a) the responses of males and females to dietary manipulation, (b) the responses of males and females to mates, and (c) the change in starvation resistance from adult emergence to four days of age. Newly emerged adults 3 (?3) hours old were sorted into an immediately starved and a conditioned group, the latter consisting of virgin males, virgin females, and mixed sex vials. After four days, flies were removed from the conditioning vials and placed in groups of four, same sex, flies, into clean, humidified vials where they were starved (e.g., Service et al., 1985) . Mortality checks were made every 6 hours, at l:OO, 7:00, 13:00, and 19:OO until all flies were dead. At the end of the conditioning period, the flies were CO, anaesthetized, and assigned randomly to one of the following three assays: fecundity, starvation resistance or ovary weight. The fecundity of approximately 40 females/population/conditioning treatment were measured, 793 females in total. The ovaries of a total of 2 920 females were weighed in groups of ten in this component of the study.
Experiment 3: Starvation resistance qf' virgin und muted jkmules
This experiment was conducted to test the replicability of the earlier results for mature females, as these differed from experiment 1 to experiment 2, and both experiments were qualitatively different from those of Service (1989) . The assay procedures were identical to those reported above for starvation resistance, except that only females were tested after conditioning.
This experiment compared the propensity to mate of the two selection treatments after different dietary conditioning treatments. Virgin males were placed in groups of eight in the conditioning vials containing either plain food or food with a high yeast supplement (see above). Virgin females were all placed in groups of eight in conditioning vials containing the high level of dietary yeast. Conditioning took place over four days, during which time the flies were transferred to fresh medium on alternate days. The males were then separated and each was added to a vial containing 10 virgin females randomly selected from within the same population. Each male was permitted 6 hours (k 10 minutes) to mate with these females in an undisturbed environment.
The male was then discarded and the females were separated and placed individually into yeasted vials for a period of several days. The mating success of each male was scored by checking these vials for the presence of larvae after four days. Observation of larvae was taken to signify mating, but no attempt was made to quantify number of offspring sired by any given male (i.e., fertility).
All statistical analysis was carried out using Abacus' StatView 4 or SuperAnova software on Macintosh computers. Since B and 0 populations were all derived from a common ancestral population (IV), all analyses of selection treatment differences were unpaired with respect to replicate number. The hypotheses tested in this paper all concern the evolution of populations.
Therefore, in general, we have not addressed levels of variation subordinate to the means of populations within selection treatments. Our application of statistics tends to the conservative, as even the largest experiments are reduced to relatively few degrees of freedom in analysis. Analysis of variance was the exclusive form of data analysis. In all cases, the design of the ANOVA was factorial and fully crossed, using type III sums of squares.
Results
Stcmution resistcrncc
Given the well-established superiority of the 0 selection treatment's starvation resistance (Service et al., 1985; Service, 1989; Chippindale et al., 1993; Leroi et al., 1994a) , it was surprising to find that the B selection treatment's starvation resistance was slightly higher than the O's upon eclosion. Nonetheless, the starvation resistance of the newly-emerged imago was remarkably uniform across selection treat-ments and sexes: We found mean starvation survival times (+st. error) of 56.5 ( & 1.19) and 60.0 ( kO.99) hours for B's, and 53.9 ( + 1.35) and 58.4 ( + 0.60) hours for O's, males and females, respectively. Factorial analysis of variance with selection treatment and sex as fixed effect fizctors revealed that both factors were statistically significant (P < 0.01; no significant interaction between sex and selection). In previously reported data for these same selected lines, there were no significant differences for either the selection treatment or sex factors upon eclosion (Chippindale et al., 1994 (Chippindale et al., , 1996 . Here, though significant, the differences at emergence from pupa were small, indicating that most of the differentiation in starvation resistance between selection treatments and sexes results from differences in adult resistances of B and 0 selection treatments were similar at eclosion, but differentiated over the first 4 days of adult life, giving rise to the characteristic difference between the selection treatments (B < 0). The starvation resistance is shown as a difference value to the starvation time at pupal eclosion.
Apparently, most differences resulted from a loss of starvation resistance over the early-adult period. relative to the eclosion values. and were dependent upon both diet and mating status. For males (parts a and b) it is evident that the presence of mates is more stressful than nutritional factors. For females (parts c and d) the reverse is true: high yeast levels had more deleterious effects than did the presence of mates. Bars arc selection treatment means (k standard errors). behavior, resource acquisition, or resource allocation; these differences do not manifest themselves during the pre-adult period to any substantial degree. In Figure  1 , we portray the starvation resistance of the B and 0 selection treatments in terms of their deviation from the baseline (zero) provided by starvation time at emergence from pupa. The plot shows the change from eclosion to 4 days of adult age, in response to all 4 possible combinations of the environmental treatments.
In females, the differentiation of selection treatments for starvation resistance was critically dependent on nutritional environment and the presence of males over the first 4 days of adult life ( Fig. I ; Tab. I). The factorial ANOVA for this first experiment (Selection x Mates x Diets) revealed that the 0 females attain their characteristically greater survival times over this four-day period [0 > B; F,,,,,, = 56.73: P < O.OOOl]. Similarly, while the treatment means of males and females for starvation are very similar upon eclosion, female starvation times are considerably greater after 4 days of feeding. It is apparent that most differences between the selection treatments and between the sexes are generated by differential loss of resistance by young adults. Thus, in general, B's show a greater decline in resistance with age than O's, and male flies lose more than female flies do, at least in the first 4 days of adult life. The high food treatment decreased resistance to starvation in females of both selection treatments.
As in our previous work (Chippindale et al., 1993) , survival-related traits of males from both selection treatments were less affected by diet than were females. Indeed, in the present study, males were virtually inert with respect to dietary environment ( Fig. I ; Tab. 2). For starvation resistance, the treatment mean for males conditioned on low food was only 1.4 hours higher than the mean for males conditioned on high food [F,,.,z, = 0.26; P = 0.61]. Mating status, however, had a highly significant effect on the average starvation time of males [Fc, , 12j = 17.12 The overall effect of virginity was to increase starvation resistance relative to the mated treatment, however the results were mixed. For males, the data obtained in experiment 1 indicated a strongly negative average effect of mating, comparable to the findings of Service (1989) . For females, Service reported a negative but non-significant effect of mating for the B's, but a significantly positive effect of mating on the O's starvation resistance. The pattern from our experiment 1 was similar to Service's result: mated B females were lower in average starvation times than were virgins, and mated 0 females were longer starving than their virgin counterparts.
However, neither of these differences was statistically significant; nor did we find any overall effect of mating on B and 0 females [&,,321 = 0.394; P = 0.531. As Table 1 shows, in experiment 2, the effect of mating was significantly negative, manifest as lower mean starvation time for females of both B and 0 selection treatments [FC,,72j = 15.51; P < O.OOl]. For 0 females considered alone, these data were opposite in direction to those of Service and to our own first result [mated < virgin; F,,,, = 7.01; P < 0.051. Thus, there was some inconsistency among the first two data sets presented herein, and between these data and those of Service, particularly for the 0 females. Therefore, we conducted a third assay of female starvation resistance.
In experiment 3, there was no significant effect of mating on 0 average starvation resistance [F(, ,(,) = 27; P < 0.61. The results for females across the three experiments are summarized in Table 3 . A significant interaction between the selection treatment and mating factors reflected the inconsistency of the O's response to the mating treatment. Over all three experiments, when 0 females were analyzed separately. there was no significant effect of mating [F,,,,, = 0.536; P = 0.481 on starvation. In summary, although mating had significant deleterious effects upon male starvation for both selection treatments, and upon females from the B selection treatment, there was no reproducible response of females from the 0 selection treatment to the mating manipulation.
We examined the fecundity data in two ways: (1) Overall fecundity was computed as the population's mean number of eggs per female per 24 hours. (2) The propensity of females to oviposit was computed as the proportion of females that laid one or more eggs. As expected, both mate and yeast deprivation cause a significant decline in overall fecundity in both selection treatments (Tab. 1; Figs. 2  and 3 ). In general, the effect of diet was much more severe than the effect of mates. Thus, over both selection treatments, the addition of yeast to the medium increased average female fecundity 13.6 times, while the addition of males increased it just 3.8 times.
A three-factor ANOVA (fully crossed factors: Selection Treatment, Diet, and Mating) was performed on each of these measures of early-life fecundity (Tab. 1). For the unconditional fecundity data, all of the main effects were highly significant treatments. Propensity to oviposit was measured as the proportion of femalcs that layed at least one egg. Daily fecundity was the 24 hr average across all females in the population. including zeroes. Females from the 0 selection treatment displayed a strong depcndencc on the presence of both rich substrate and mates for oviposition.
Bars are selection treatment means (&standard errors). Fig. 3 . The interaction between diet and mating status is clear in this plot: 0 females require ho//l mates and high food levels to produce substantial numbers of eggs. while B females layed eggs at more than 50% of the maximum rate as virgins when provided with a rich substrate. Error bars are standard errors.
(B > 0; High Food > Low Food; Mated > Virgin; all P < O.OOOl), as were all of the interactions (P < 0.0001). For propensity to oviposit, again all of the main effects were highly significant (all P < 0.0001). In the ANOVA for laying propensity, all of the interactions were significant at P < 0.0001, except for Mating x Diet (P < 0.001). Owing to the complexity of these interactions, we show the results for averaging fecundity as both a bar chart (Fig. 2) and an interaction plot (Fig. 3) .
To summarize the results, the selection treatments showed strong differentiation in their reactions to the two types of environmental treatment. In the high yeast environment, B females produced 50.0% as many eggs when virgin compared to when mated, while 0 females produced 5.6% as many eggs. Under unyeasted (low) food conditions these numbers were 21.9% (B) and 14.4% (0). For propensity to oviposit, a similar pattern is observed, as 93% of B females laid eggs in the high food/virgin treatment despite the absence of mates; only 17% of 0 females produced eggs under the same conditions. Thus, the 0 females displayed considerably greater sensitivity to mating status than did the B females. The effects of food level were relatively symmetrical for the two selection treatments when mated, as yeast elevated B fecundity by 52.6 and 0 fecundity by 57.0 eggs/female/day. As virgins, however, yeast affected B fecundity by plus 27.3 eggs, while O's only increased by 2.8 eggs/female/day. The O's therefore required both mates and a protein rich diet to reach high fecundity, while the B's were stimulated by food to lay substantially, even in the absence of males.
The results of the ovary weight assay (experiment 2), shown in Figure 4 , were analyzed using a fully crossed, three factor ANOVA (selection treatment, food level, and mating; Tab. 1). The effect of selection treatment was nonsignificant [FC,,32j = 0.646; P = 0.431, contrary to the result of Rose et al. (1984) , nor was food The ovaries of mated females were significantly larger than those of virgins, over both diet treatments. It is notablc. however, that the ovary weight of virgins was grcatcr than mated Ilicq under the low dietary treatment. This difference in weight relative to mating treatment across dietary treatments gave rise to a signilicant interaction between the two environmental treatments. Bars are selection treatment means (&standard errors). level significant [F, ,.32j = 2.27; P = 0.141. Mating, however, produced a significant effect on ovary weight [F,,.,?, = 8.29; P < O.Ol]. Mated females had ovaries 1.7 times larger than did virgins under high food conditions, but virgins under low food conditions had ovaries 50% larger than mated flies. The interaction between food and mating factors for this trait was highly significant (P < 0.0001).
The analysis of female body weight (minus the ovaries) was an ANOVA of identical form to that described above for the ovaries.
These data are presented in Figure 4 . We found no significant differences among the main factors for this trait, although "selection" was nearly significant [B < 0; F C,,izJ = 3.78; P = 0.061. A mating by selection interaction was evident [Fc,.32j = 5.90; P < 0.051 as B's were slightly heavier than O's when virgin, but lighter when mated (Tab. 1).
The relative size of the ovary may be a more sensitive indicator of reproductive vs. somatic investment than the unscaled ovary weight. The ratio of ovary mass to total body mass was computed for each group [ovaryj(ovary + body)]. Ovary weights ranged between 12% and 34% of overall female weight. The 3-way ANOVA (factors as above) revealed significant effects of mating and food, as expected given the differences in ovary weights and the absence of differences in body weight (Tab. 1). The interaction between these two factors reflects the peculiar fact that relative ovary weight was 200--300% greater in mated flies over virgins at high yeast, but approximately 33% lower in mated vs. virgin flies at the low yeast level. Figure 5 shows the results of the mating propensity assay. In general, the number of matings resulting in fertilization was very high, with some males mating all 10 females in the 6 hours of the experiment. The female conditioning environment (high yeast, virgin) was, presumably, highly conductive to mating (e.g., Trevitt et al., 1988) , particularly given its effect on the fecundity of mated females (see above). An analysis of variance (Factors: Selection, Food) was performed. On average (standard error in brackets), males from the B selection treatment fertilized 6.30 (i0.19) out of the possible 10 females, while 0 males fertilized 5.23 (kO.25) females. The effect of selection treatment was significant [F,,,,,, = 1 I .9; P < O.Ol]. Unfortunately, the design of our experiment did not permit us to separate the mating success of males from the receptivity of females from that population. Because we conditioned all females in a common environment, yet varied male diet, we can legitimately ask whether the effect of diet on male mating success is the same in the B's as in the U's, Diet did not af'fcct mating propensity significantly [FC,.,61 = 1.80; n.s. 1, nor was there a significant stock x yeast interaction. The average number of fertilizations under the "low" treatment was 5.56 ( +0.31). The average number of fertilizations under the "high" food treatment was 5.98 (kO.25). Since the females from each population were not subjected to dietary manipulation. while males were, we conclude that the B and 0 males' mating ability was not significantly affected by diet.
The survival-related trait measured in these experiments was starvation resistance. Starvation resistance time was found to be nearly identical in the two selection treatments upon pupal eclosion, but became highly differentiated in the image after 4 days of conditioning. Thus, the previously-documented difference in starvation resistance (B < 0) was manifest only after maturation.
While males declined in all selection and environmental treatments, the negative effect of mates was much stronger than that of high dietary yeast levels. For females of both selection treatments, the relative impacts of the two environmental treatments were reversed: females were strongly negatively affected by the high yeast treatment, but only the B selection treatment displayed a repeatable reduction in survivorship after being exposed to males.
The early-reproduced B selection treatment displayed significantly higher female fecundity and propensity to oviposit across experimental treatments (Fig. 2 and 3) . However, under the most permissive circumstances (high food with mates) the fecundity of the 0 females was slightly higher than that of the B's, The B selection treatment therefore displayed lower sensitivity to fertility-limiting environmental circumstances (low diet and mate-restriction).
These patterns of fecundity were not closely mirrored in the weight of the ovary (Fig. 4) . Specifically females from both selection treatments had large ovaries in the absence of yeast or mates, and the large difference in fecundity between B and 0 females under high food conditions, but without mates, was not matched by an ovary weight difference.
Males from the B selection treatment were significantly more successful than O-selected males in mating females, whether or not the males had received a dietary yeast supplement (Fig. 5 ). There was no significant effect of the dietary manipulation upon the propensity of these selection treatments to mate, despite the large female fecundity differences noted above.
Interactions in the analyses were common. For example. analysis of the female 24 hour fecundity data revealed that all two-and three-way interaction terms were statistically significant (Tab. 1; see also Fig. 3) . Indeed, the Mate x Diet interaction was significant for 5 of 6 traits given in Table 1 . The pervasiveness of these interactions suggests that the environmental manipulations differed substantially in their physiological effects upon the fly.
Discussion
The evolution of the 0 (long-lived) populations from a short-lived ancestor was initially characterized in terms of the antagonistic pleiotropy between early fertility, on one hand, and survival and later reproduction, on the other (Rose, 1984) . While these initial results have proven robust in most respects, the B and 0 lines have also become a study in the multifarious nature of adaptation. Central to this work has been the investigation of costs of reproduction, particularly as manifest in selection responses that reveal trade-offs between fitness traits. The present results shed light on three key areas in the study of the evolutionary costs of reproduction. The first area is the extension of our record of responses to selection in long-and short-lived populations, specifically the further dissection of the female response to selection and the evolution of male mating ability. The second area is the response of these selected populations to two types of environmental manipulation: diet and mates. The third area of investigation is the somewhat refractory question of the correspondence between the genetic response to selection and the immediate phenotypic response to environment. We show that the genetic and environmental responses may interact significantly, as may the responses to the two different manipulations themselves. We now discuss each of these three themes in greater detail.
The greatest difference between B and 0 selection regimes is the timing of reproduction. In this study, most experimental assays were conducted on flies at approximately 14 days from oviposition. the same age at which B populations are selected to reproduce. Several of our results appear to reflect adaptation to early reproduction in the B populations. For example, B populations showed significantly higher propensity to mate early in adulthood than did 0 populations, under both dietary conditioning regimes (Fig. 5) . This difference between selection treatments may have resulted from differences in male mating ability, female receptivity, copulation duration, or latency between copulations. We cannot identify which of these potential mechanisms was involved because each type of male was mated to females of the same genotype (population), rather than to a common female genotype (as in Service, 1993) . In fact, there is evidence that all of these mechanisms may be involved in the difference observed between B-and O-selected populations in early-life propensity to mate. In Service's (1993) experiments, B-selected males displayed higher competitive and non-competitive mating ability, although only the former result was statistically significant. And, there is considerable evidence that the selection treatments differ significantly in remating speed, female receptivity and copulation duration, each in the direction of increased early mating in the B's (Service and Vossbrink, 1996; P. M. Service pers. comm. 1996). Irrespective of the particular mechanism involved, it is apparent that the propensity to mate early in adult life is lower in postponed aging lines (0) than their early-reproduced (B) counterparts. Although we did not measure later-life mating propensity, this result would be predicted from an adaptationist viewpoint, given a stressful effect of early reproduction on future reproduction and survival.
Another point of interest in comparing the selection treatments was their differentiation for starvation resistance. Images of B and 0 lines emerged from pupa with similar starvation resistance times (Fig. 1) . It was during the first four days after eclosion that the selection treatments diverged. B populations displayed a greater loss of starvation resistance across all environmental treatments. The physiological basis of starvation endurance in Dlosophiln is well known, having been comiected to whole-body and fat-body lipid content (Wigglesworth, 1949; Doane, 1960; Service, 1987; Zwaan et al., 1991; Chippindale et al., 1996) and to overall caloric content (Djawdan et al., in prep.) . In other words, starvation time is a good index of the caloric stores on board the Ay.
The pattern of differentiation we observed suggests either that B's expend more energy in activities that prevent them from recharging their caloric reserves early in life, such as courtship and mating, or that they are simply not selected for storage beyond the larval stage. This interpretation is strengthened by the observation of greater sensitivity to the presence of mates in the B's, O-selected females were completely unaffected by the presence of males, and even displayed significantly higher starvation times when mated in one study (Service, 1989) , although this result was ephemeral in our study. Since starvation resistance and longevity are positively genetically correlated (e.g., Rose et al., 1992) , these results suggest that changes in mating behavior may be partially involved in the increased longevity of 0 females. To the contrary, however, Service (1989) demonstrated that virginity affected the longevity of B and 0 treatments to an equal degree. Luckinbill et al. (1988) found that the difference between long-and short-lived selected lines was reduced, but not eliminated, when the lines were maintained as virgins. There is. therefore, some evidence for the partial involvement of mate avoidance in the selection response of long-lived lines, as suggested by Partridge and Andrews (1985) .
As previously reported (Service, 1989) , B females in the present study were much more likely to lay eggs than 0 females when both groups were kept as virgins. The difference we observed was particularly striking under the "high" food condition, where more than 90% of virgin B females laid eggs, while fewer than 20% of virgin 0 females would. Apparently, either the presence of rich medium or mates will stimulate most B females to lay eggs. The 0 females showed a strong dependence upon mating status alone in their propensity to oviposit. These findings are somewhat surprising in view of the fact that part of the 0 selection response has been an increased responsiveness of female fecundity to live dietary yeast. When provided with mates and abundant dietary yeast, 0 females produced more eggs than B females (present results; Chippindale et al., 1993; Leroi et al., 1994a) despite the observation that mating with B males induces higher female fecundity early in life (Service and Vossbrink, 1996) . The reason that O's have higher fecundity than B's when given abundant yeast has to do with differences in conditioning prior to egg-laying in routine selection (see Leroi et al., 1994a for extended discussion). Although the fecundity response of O's to dietary yeast is inhibited when females are not mated, the ovary weight data clearly indicate that O's build equal-or larger-sized ovaries than B's do under higher food conditions. The sum of these observations suggests that 0 females are more sensitive than B females are to specific environmental conditions in their oviposition behaviour early in life, but fecundity observations do not necessarily reflect reproductive investment.
In females, costs of reproduction have been inferred from a variety of different types of data: comparitive studies, phenotypic manipulations, phenotypic correlations, selection experiments, and genetic correlations (reviewed by Bell and Koufopanou, 1986) . Although there are many presumed instances of costs of reproduction for males stemming from anecdote, particularly in the pursuit of reproduction (rutting, elaborate displays, and so on), there is a paucity of empirical demonstrations of these costs. One reason for this asymmetry is that it is typically considered more difficult to evaluate male reproductive effort physiologically and more difficult to keep track of progeny production. These difficulties translate into a very limited picture of the direct costs of mating and gamete production for males.
Van Voorhies (1992) appeared to have found a cost to mating in males of the nematode C. (JI~~LII~s, manifest as a decrement in longevity when males were mated to hermaphrodites.
Van Voorhies argued that the observed diminution in lifespan of males was a direct consequence of a cost to sperm production. Curiously, there was no apparent cost to mating for the hermaphrodites in Van Voorhies' experiment, contrary to conventional wisdom that eggs cost more to produce than sperm do. Gems and Riddle (1996) , using the same worm strain and a more extensive protocol, found exactly the reverse: a cost of mating for the hermaphrodites but not for the males. The result of Van Voorhies was ephemeral, and evidence for a direct cost to sperm production in nematode males remains elusive. In Drosos~ddu, Partridge and Farquar (1981) , Partridge et al. (1986 Partridge et al. ( , 1987 . Luckinbill et al. (1988) and Service (1989) , have independently shown that male flies have a significantly shorter lifespan when housed with females than when kept as virgins. Similarly, we have shown here that males kept in mixed-sex cohorts have significantly lower starvation resistance than those kept as virgins. In all of these examples from Drososphih, it is impossible to differentiate between the costs associated with mating and the costs associated with courtship and associated activities.
New complexity is added to the story for fruit flies by the present results: While males and females of these selection treatments were previously found to be sensitive to the presence of mates and quality of diet in terms of longevity (Chippindale et al., 1993) , and here both sexes were highly sensitive to the presence of mates in terms of starvation resistance, only female starvation resistance was significantly affected by diet. Although previously we have found a significant negative effect of richer diet on this trait in males (Chippindale et al., 1993; Leroi et al., 1994b, c) , the magnitude of the effect was still very slight relative to its magnitude in females. While the high fertility environment (mates and yeast) produced a roughly symmetrical decline in survival probability for both sexes in longevity (Chippindale et al., 1993) , the response of the sexes in early-life starvation resistance was asymmetrical. In other words, it would appear that there is little or no additional cost to males resulting from being housed with more fertile females over the short-term, but a cost is manifest over the long-term. Conceivably this result is mediated by cumulative remating damage to males. However, more work will be required to resolve the specific sources of differences in male mate tolerance among the selection and environmental treatments discussed herein.
The strongest evidence for a direct cost to mating in males comes from the work of Service and colleagues. These workers have shown reductions in a variety of male early-life reproductive performance traits, and increases in late-life performance, in the 0 selection treatment. For example, recently Service and Vossbrink (1996) demonstrated that, early in life, males of the late-reproduced 0 selection treatment are less effective at inducing egg-laying, and produce a higher sperm-dependent remating threshold in the females they inseminate. Service and Vossbrink's results suggest that there are evolved differences in seminal fluid composition and its interaction with sperm in utrro. Coupled with their earlier work (Service, 1989; Service 1993; Service and Fales, 1993) , which demonstrated lower competitive mating ability of 0 males early in life, among other things, there is substantial evidence for a cost of reproduction in D1mopl7il~1 males. In Service's studies this cost has been demonstrated through the observation of age-dependent trade-offs in replicated and divergently selected populations, and corresponds to what is known from females of these selected populations.
Here, as in our other studies (Chippindale et al. 1993; Leroi et al. 1994a, b) , lower nutrition dietary treatments had the general effect of suppressing reproduction and improving survival traits. In females of both selection treatments, we observed both dramatically lower fecundity and a reduced propensity to oviposit under low food conditions, accompanied by a reduction of ovary weight, and increases in starvation resistance. Thus, in broad view, the present dietary plasticity results mimic the antagonistic evolutionary relationship between survival and reproduction previously demonstrated for the B and 0 lines (Rose, 1984; Rose et al., 1984) .
However, there are important differences between the genetic responses to selection and the responses produced by dietary manipulation. First among these is the incongruence of results for the two sexes. While diet affected females strongly, it had no measurable influence upon male mating ability or starvation resistance. The absence of a difference in starvation resistance across food levels was particularly surprising in view of the strongly positive evolutionary correlation between longevity and starvation resistance (Service et al., 1985; Rose et al., 1992) . In our earlier work (Chippindale et al., 1993) , we found that the longevities of both sexes negatively covaried with yeast level.
Despite the superficial similarity of dietary and mating effects on survival and fertility, the two treatments had opposite effects on ovary mass. For example, mate-restricted females given the high yeast treatment have larger ovaries than mated females, suggesting that well-fed virgin females stored eggs rather than not making them. This result is consistent with results from other Drosophila stocks and indicates that the effects of mating and dietary manipulations differed, at least in part, physiologically.
There are precedents in the literature for this conclusion. For example, juvenile hormone, produced by the corpora allata, is known to play a significant role in mediating the response of vitellogenesis to nutrition (Bownes and Blair, 1986; Bownes et al., 1988; Bownes and Reid. 1990 ). However the egg-retention behavior of virgin females is thought to be under the control of a myotropic hormone produced in the pars intercerebrallis (e.g., BoulCtreau-Merle, 1986 ). Thus we find no master control unifying responses to selection, mating status manipulation, and dietary manipulation. The hope for environmental manipulation revealing the "controls" or "directions" for evolution, in this case, has proven chimerical.
The effect of single-generation environmental manipulation experiments is to modify the distribution of phenotypes within populations. Such changes may or may not be indicative of evolutionarily relevant variation, as it is seldom clear whether or not the actual pattern of allelic effects has been revealed. There are no strong theoretical guidelines to determine which manipulations or patterns of variation at the phenotypic level reflect the effects of alleles. When experimental manipulations are performed, the environmental component of the total phenotypic variation is increased, and this may further aggravate the extraction of genetic information. However, it seems possible that, if rudimentary physiological pathways are stimulated by the environmental change introduced by the experimenter, a set of options available to selection could be revealed. But which conditions are relevant? For example, in the present experiments, changes in food level led to a variety of changes in life-history and morphological traits. We varied the level of yeast suspension against a constant carbohydrate-rich background medium. If instead we had diluted the base medium across a range of values for which the flies experienced starvation, perhaps we would have observed a positive association between fecundity and starvation resistance across low food levels (as in David et al., 1971; Le Bourg and Medioni, 1991) . Another way that survival-related characters have been manipulated is through the experimental variation of larval density. Recently, Zwaan et al. (1991) were able to repeat and extend the experimental results of Lints and Lints (1969) by showing that, within a certain range of densities, crowding increases relative fat fraction, longevity and starvation resistance at the same time. The three types of manipulation ~ larval crowding, mate restriction and dietary restriction ~ generate similar increases in survival traits, especially longevity of the imago, but have completely different effects on other traits, such as ovary weight, known to be genetically correlated with longevity from selection experiments. Thus, the phenotypic covariance under environmental manipulations need not bear any resemblance to the pattern observed under selection, even when a major trait is affected in the same way, once the full range of responding characters is studied.
The process of deciding which experimental manipulation of the environment reveals relevant patterns of plasticity may often be as much dictated by (I priori expectations about what one is supposed to see as it is by any good set of mechanistic criteria. The only way to evade these difficulties may be to show an exact correspondence between the physiological mechanisms underlying the selection response and the manipulation (Partridge and Sibly, 1991) . This is of course the task that we have not been able to accomplish here, for we have shown the absence of such an exact correspondence. But even if it were possible to accomplish this goal, one might ask why one would do the manipulation at all, given that one will have the results of selection anyway. One reason one might perform phenotypic manipulations is that they may reveal valuable information about the short-term physiological and ecological trade-offs operating in a population. The costs revealed by such manipulations may indicate important mechanistic connections among traits. Another reason to perform phenotypic manipulations is to test the robustness of results from selection. For example, if a trade-off is inferred using quantitative genetic methods under one set of environmental circumstances, it is reinforced if it is reproducible in others.
Interpreting the biology underlying multiple-character, multiple-manipulation plasticity is a formidable task. We are not so confident as some authors, such as those who invent optimization models, who readily decide that total caloric expenditure or some other single variable is minimized or maximized over all manipulations. This is not to criticize attempts to probe the physiological workings of the organism by the use of multiple assays under multiple conditions. Our view tends to be that environmental manipulations will be useful to the extent to which they can be related to known selection histories of well-defined populations, as illustrated by our use of B and 0 populations in this work and analogous experiments in some of our other papers (Leroi et al., 1994a, b, c) .
